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Abstract:
A scenario of an emergent universe is constructed in the background of an inhomogeneous space-
time model which is asymptotically (at spatial infinity) FRW space-time. The cosmic substratum
consists of non-interacting two components, namely a) homogeneous and isotropic fluid but dis-
sipative in nature and b) an inhomogeneous and anisotropic barotropic fluid. In non-equilibrium
thermodynamic prescription (second order deviations), particle creation mechanism is consid-
ered the cause for the dissipative phenomena. It is found that for constant value of the particle
creation rate parameter there exists a scenario of emergent universe.
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There are lot of works to remove the bad feature of standard cosmology i.e. the initial big bang
singularity. Usually, the different cosmological scenarios proposed to overcome this non-physical
aspect are classified into two groups: i) model for bouncing universes or ii) model of emergent
universes. The second alternative is related to singularity free inflationary model in context
of classical general relativity and its formulation is the aim of the present work. The scenario
of emergent universe has the following features: a) ever existing, b) absence of any time-like
singularity and c) almost static behaviour in the infinite past (t→ −∞) ( and then evolves into
an inflationary stage). Also in the literature, the model of emergent universe is considered as a
modern and extended version of the Lemaitre-Eddington universe.
The proposal for emergent scenario was started long back in 1967 by Harrison [1]. He obtained
a closed model of the universe with radiation which in the asymptotic past is nothing but the
state of an Einstein static model. Then after a gap of nearly forty years, Ellis and Maartens [2],
Ellis et.al. [3] formulated a model of closed universe with non-interacting two fluid components:
a minimally coupled scalar field with a typical self interacting potential and a barotropic fluid
having equation of state: p = ωρ (−13 ≤ ω ≤ 1). Although they were not able to give analytic
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solution, only the asymptotic behaviour had the characteristic of emergent universe. Then, using
Starobinsky model Mukherjee et. al. [4] formulated solutions having emergent universe scenario.
Subsequently Mukherjee and collaborators [5] presented a general framework for an emergent
universe model within adhoc equation of state, having exotic behaviour in some phases. Since
then there are series of works [6-18] either in different gravity theories or with different types
of matter or both with a view to propose a model for emergent universe scenario. Recently, an
emergent universe model has been proposed [19] where the initial static state is characterized
by a scalar field in false vacuum which decays to a state of true vacuum through quantum
tunnelling. Very recently, the idea of emergent universe has been constructed using the idea of
particle creation in the perspective of non-equilibrium thermodynamics both in Einstein gravity
[20] as well as in brane model [21] (RS II and DGP). Lastly, about few months earlier, Paul et.
al. [22] investigated the emergent universe scenario in the presence of interacting (two or three)
fluids having non-linear equation of state.
The present work is an extension (in some sense) of the studies in references [20] and [21].
The universe is chosen as inhomogeneous spherically symmetric space-time which is asymptoti-
cally (at spatial infinity) a FRW model. This typical inhomogeneous space-time was studied by
Cataldo et. al. [23] in studying evolving Lorentzian wormholes supported by phantom matter
with constant state parameters. Non-interacting two-fluid system is the matter content of the
system. One of the fluids is homogeneous and isotropic but dissipative in nature, while the other
matter component is an inhomogeneous and anisotropic barotropic fluid. The particle creation
mechanism in the non-equilibrium thermodynamic prescription is assumed to be the cause of
the dissipative phenomena. The following two things motivate us in the present work. Firstly
it is interesting to have an initial singularity (big-bang) free solution for inhomogeneous model.
Secondly, at very early phase of its evolution, the universe was very likely to be in a state of much
disorder, that is inhomogeneity was important at that era, so it is interesting to have emergent
scenario with inhomogeneous space time.
The line element for inhomogeneous spherically symmetric space-time is given by [23]
ds2 = −dt2 + a2(t)
[
dr2
1− b(r)
+ r2dΩ2
]
. (1)
The energy momentum tensor for fluid I, which is homogeneous and isotropic but dissipative in
character is given by
T (I)µν = (ρ1 + p1 +Π1)uµuν + (p1 +Π1)gµν (2)
where ρ1 = ρ1(t), p1 = p1(t) and Π1 = Π1(t) are respectively the energy density, isotropic
pressure and the pressure due to dissipation.
For the fluid II which is both inhomogeneous and anisotropic in nature, the energy-momentum
tensor has the expression
T (II)µν = (ρ2 + p2t)vµvν + p2tgµν + (p2r − p2t)xµxν (3)
where ρ2 = ρ2(t, r), p2r = p2r(t, r) and p2t = p2t(t, r) are respectively the energy density, radial
and transverse pressures of fluid II. Here vµ and xµ are unit time-like and space-like vectors
respectively, satisfying
vµv
µ = −xµx
µ = −1, xµvµ = 0. (4)
As the fluid components are non-interacting so the separate conservation equations for both the
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fluids are
∂ρ1
∂t
+ 3H(ρ1 + p1 +Π1) = 0 (5)
∂ρ2
∂t
+H(3ρ2 + p2r + 2p2t) = 0 (6)
∂p2r
∂r
=
2
r
(p2t − p2r) (7)
Note that the equations (5) and (6) are the usual conservation equations for the two fluids while
equation (7) can be termed as relativistic Euler equation.
For the present model, the explicit form of the Einstein field equations are [24-26]
3H2 +
b+ rb
′
a2r2
= κρ1 + κρ2 (8)
−(2H˙ + 3H2)−
b
a2r2
= κ(p1 +Π1) + κp2r (9)
−(2H˙ + 3H2)−
b
′
2a2r
= κ(p1 +Π1) + κp2t (10)
where dot indicates differentiation with respect to t and prime indicates differentiation with
respect to r. To have an explicit solution of the above Einstein field equations we assume that
for fluid II, the anisotropic pressure components satisfy barotropic equations of state, namely,
p2r = ωrρ2 and p2t = ωtρ2 (11)
where the equation of state parameters ωr and ωt are assumed to be constant. Now solving the
conservation equations (6) and (7) the energy density of fluid II is obtained as
ρ2(t, r) = ρ0
r
2(ωt−ωr)
ωr
a3+ωr+2ωt
(12)
where ρ0 is the constant of integration.
The function b(r) can be solved by comparing the field equations (9) and (10) and using equations
(11) and (12), [23] as
b(r) = b0r
2 − κρ0ωrr
−( 1
ωr
+1)
, (13)
(b0 being the constant of integration. It should be noted here that b0 actually corresponds to
the curvature constant k ) provided ωr and ωt are restricted by the relation [23]
ωr + 2ωt + 1 = 0. (14)
So eliminating ωt between (12) and (14) we have
ρ2(t, r) =
ρ0
a2
r
−(3+ 1
ωr
) (15)
with
p2r = ωrρ2 and p2t = −
1 + ωr
2
ρ2. (16)
Using the fluid II components from equations (15) and (16) and also using equation (13) for b(r),
the field equations (8)-(10) simplifies to
3
(
H2 +
b0
a2
)
= κρ1 (17)
−
(
2H˙ + 3H2 +
b0
a2
)
= κ(p1 +Π1) (18)
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which are nothing but Einstein field equations (i.e. Friedman equations) for homogeneous and
isotropic space-time model, with curvature constant equivalent to b0. Note that the energy
density ρ1 and fluid pressure p1 are related by the conservation equation (5).
As we have mentioned earlier that the present work is related to particle creation mechanism
(for an open thermodynamical system) in non-equilibrium thermodynamical aspect, so the non-
conservation of particle number is characterised by [27-30]
n˙+ θn = nΓ (19)
where n = NV is the particle number density and N is the number of particles in a co-moving
volume V. The scalar θ = uµ;µ represents the fluid expansion, particle flow vector is defined by
Nµ = nuµ, Γ represents the particle creation rate and n˙ by notation represents n,µu
µ. It should
be noted that there is some dissipation effect due to particle creation and effectively there is
non-equillibrium thermodynamics [30]. Also, particle creation (Γ > 0) or annihilation Γ < 0) is
characterised by the sign of Γ.
We shall now relate the particle creation parameter Γ to the dissipative pressure Π1 of the present
work. The Gibb’s equation can be written as [27-30]
Tds = d
(ρ1
n
)
+ p1d
(
1
n
)
(20)
where s is the entropy per particle, T is the fluid temperature and Clausius relation is taken care
of. Using conservation equations (5) and (19), a simple algebra gives the entropy variation from
the above Gibb’s equation, as [29-31]
nT s˙ = −Π1θ − Γ(p1 + ρ1). (21)
In particular if we are restricted to adiabatic (i.e. isentropic) thermal process (for which entropy
per particle is constant, i.e. s˙ = 0) then from the above relation (21) we have
Π1 = −
Γ(p1 + ρ1)
θ
. (22)
It shows that for isentropic thermal process dissipative pressure is completely determined by
particle creation rate. Equivalently, the physical process may be considered as a perfect fluid with
barotropic equation of state p1 = ω1ρ1 and particle creation mechanism causes the dissipative
phenomena. In this context one should keep in mind, that in adiabatic system entropy production
is caused by particle creation and by enlargement of the phase space due to expansion of the
universe. Thus the present non-equilibrium configuration is not the usual one, rather a state with
equilibrium properties as well. Now eliminating Π1, from equation (22) and the field equation
(18) (for simplicity we assumed a flat model for space-time and hence b0 is assumed to be zero)
and using the equation of state parameter ω1 =
p1
ρ1
, we find that the particle creation parameter
is related to the evolution of the universe as
Γ
3H
= 1 +
2
3(1 + ω1)
H˙
H2.
(23)
Now considering the above equation (23) as the evolution equation for Hubble parameter we
have on integration
H =
exp[1+ω12
∫
Γdt]
H0 +
3(1+ω1)
2
∫
exp{1+ω12
∫
Γdt}dt
(24)
and consequently
a = a0
[
H0 +
3(1 + ω1)
2
∫
exp
{(
1 + ω1
2
)∫
Γdt
}
dt
]2/3(1+ω1)
(25)
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where H0 and a0 are constants of integration.
In particular for constant particle creation rate, i.e. Γ = Γ0 the above solution simplifies to
H = exp
{
1 + ω1
2
Γ0t
}[
H0 +
3
Γ0
exp
{
1 + ω1
2
Γ0t
}]−1
(26)
a = a0
[
H0 +
3
Γ0
exp
{(
1 + ω1
2
)
Γ0t
}]2/3(1+ω1)
(27)
ρ1(t) = 3 exp{(1 + ω1)Γ0t}
[
H0 +
3
Γ0
exp
{(
1 + ω1
2
)
Γ0t
}]−2
(28)
ρ2(t, r) =
ρ0
a20
r
−(3+ 1
ωr
)
[
H0 +
3
Γ0
exp
{(
1 + ω1
2
)
Γ0t
}]−4/3(1+ω1)
. (29)
The solution has the following features in the asymptotic past: (assuming 1 + ω1 > 0)
i) H → 0, a→ (H0)
2
3(1+ω1)a0 = ai as t→ −∞
ii) H ≃ 0, a ≃ ai for t≪ 0 (30)
iii) H ≃
Γ0
3
, a ≃ a0
(
3
Γ0
)2/3(1+ω1)
exp
(
1
3
Γ0t
)
, for t≫ 0.
Hence the above cosmological solution describes a scenario of emergent universe. Also in the
above asymptotic limit the energy densities of the two fluid components take the form:
i) ρ1 → 0, ρ2 →
ρ0r
−(3+1/ωr)
a20(H0)
4/3(1+ω1)
= ρir
−(3+1/ωr) as t→ −∞
ii) ρ1 ≃ 0, ρ2 ≃ ρir
−(3+1/ωr) for t≪ 0 (31)
iii) ρ1 ≃
Γ20
3
, ρ2 ≃ ρ0
(
Γ0
3
)4/3(1+ωr)
r−(3+1/ωr) exp
(
−
2
3
Γ0t
)
for t≫ 0.
Also for equation of state parameter ωr > 0 at spatial infinity (i.e. r → ∞) the present inho-
mogeneous model describing a flat FRW universe, as expected gives ρ2 → 0. Thus in the spatial
asymptotic limit the present inhomogeneous model becomes homogeneous and isotropic FRW
universe supported by a single perfect fluid with dissipative effect. It is worthy to mention that
for such model, emergent scenario has already been discussed in reference [20]. Normally, in
emergent models of universe, there is a phase of Einstein static model in infinite past followed
by a period of inflationary expansion. Usually inflationary phase is described by a scalar field
(inflaton) having self interacting potential. However, in the present problem, if the homogeneous
fluid is not phantom in nature (that is 1 + ω1 > 0) then the universe is always in a state of
super-inflation (i.e. H˙ > 0). Further, for t = −ǫ with |ǫ| << 1 we have
H ≃
Γ0
3
, a ≃ a0
(
3
Γ0
) 2
3(1+ω1)
exp
(
Γ0
3
t
)
,
a phase of exponential expansion (inflationary era) without any inflaton. Particle creation mech-
anism drives the inflationary epoch. Therefore, a scenario of emergent universe is possible for
inhomogeneous space-time model. Finally as a remark we mention that the present model has
the basic features of steady state theory of Fred Hoyle et.al [32, 33] and closely resembles with
it.
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